Farooq A, Hoque R, Ouyang X, Farooq A, Ghani A, Ahsan K, Guerra M, Mehal WZ. Activation of N-methyl-D-aspartate receptor downregulates inflammasome activity and liver inflammation via a ␤-arrestin-2 pathway. Am J Physiol Gastrointest Liver Physiol 307: G732-G740, 2014. First published August 7, 2014; doi:10.1152/ajpgi.00073.2014.-Activation of the cytosolic inflammasome machinery is responsible for acute and chronic liver inflammation, but little is known about its regulation. The N-methyl-Daspartate (NMDA) receptor families are heterotetrameric ligand-gated ion channels that are activated by a range of metabolites, including aspartate, glutamate, and polyunsaturated fatty acids. In the brain NMDA receptors are present on neuronal and nonneuronal cells and regulate a diverse range of functions. We tested the role of the NMDA receptor and aspartate in inflammasome regulation in vitro and in models of acute hepatitis and pancreatitis. We demonstrate that the NMDA receptor is present on Kupffer cells, and their activation on primary mouse and human cells limits inflammasome activation by downregulating NOD-like receptor family, pyrin domain containing 3 and procaspase-1. The NMDA receptor pathway is active in vivo, limits injury in acute hepatitis, and can be therapeutically further activated by aspartate providing protection in acute inflammatory liver injury. Downregulation of inflammasome activation by NMDA occurs via a ␤-arrestin-2 NF-k␤ and JNK pathway and not via Ca 2ϩ mobilization. We have identified the NMDA receptor as a regulator of inflammasome activity in vitro and in vivo. This has identified a new area of immune regulation associated by metabolites that may be relevant in a diverse range of conditions, including nonalcoholic steatohepatitis and total parenteral nutrition-induced immune suppression.
THE CYTOSOLIC MACHINERY TERMED the inflammasome is responsible for sensing a wide range of cellular stressors and for activating and releasing inflammatory and tissue modeling cytokines, including IL-1␤ and IL-18 (1, 8, 13) . Activation of inflammasomes in immune cells is required in a range of tissue injury and repair, including alcoholic and nonalcoholic hepatitis and liver fibrosis (7, 11, 16, 23, 34) . The minimum activation requirements for the inflammasome machinery have been identified and consist of two signals. The first signal is initiated by pattern recognition receptors such as Toll-like receptors (TLRs), and the second originates from a diverse range of cell stressors (14) . The importance of the inflammasome makes it vital to understand the regulatory steps that limit its activation and thus limit tissue injury and fibrosis.
Any molecule that undergoes a change in concentration during an inflammatory response is a potential candidate for regulating inflammasome activity. Metabolites are of particular interest, since they have recently been shown to be tightly regulated during an inflammatory response, and there are clear links between metabolic dysregulation and inflammation (20, 35) . The N-methyl-D-aspartate (NMDA) receptors are heterotetrameric ligand-gated ion channels and are activated by a range of metabolites, including aspartate, glutamate, and polyunsaturated fatty acids such as docosahexaenoic acid (19, 32) . NMDA receptors are well characterized at a molecular and functional level and consist of four large transmembrane subunits that form a central ion pore (30) . A functional NMDA receptor requires two GluN1 subunits that can combine with two GluN2 subunits, or a GluN2 and a GluN3 subunit (2) . Glutamate and aspartate bind the GluN2 subunits and activate the receptor, which results in opening of a cation selective channel (30) . NMDA functional capacities have been extensively studied in the central nervous system, but very little is known about them in other cell systems. We investigated the NMDA receptor as an inflammasome regulator because during lipopolysaccharide (LPS) D-galactosamine-induced hepatitis a significant elevation in serum concentrations of a wide range of amino acids, including the NMDA ligands aspartate and glutamate, has been reported (6) .
In this study we demonstrate that NMDA receptors are expressed on monocyte macrophage cells, including Kupffer cells. NMDA activation by aspartate downregulates inflammasome activity in vitro by reducing Pro-Il1␤ and Procaspase-1 transcripts. Inhibition of this pathway results in a decreased degree of acute liver injury, and NMDA ligands such as glutamate can provide significant hepatoprotection.
MATERIALS AND METHODS
Cell culture. Two hundred nanograms per milliliter of LPS (Sigma) were added to peritoneal macrophages, and 1,000 ng/ml for RAW 264.7 cells and Kupffer cells and 2,000 ng/ml for human peripheral mononucleocytes. ATP (5 mM) was added for 15 min and washed out, and cells were incubated for an additional 1 h before collection of supernatant.
Mice. C57BL/6N male (National Cancer Institute) and caspase-1-deficient male mice 6 -12 wk were housed with a 12:12-h light-dark cycle and given free access to food and water. All experiments were in accordance with protocols approved by the Yale University Institutional Animal Care and Use Committee.
Peritoneal macrophages. C57BL/6N mice were administered sterile 3 ml of 4% thioglycollate (Sigma), and peritoneal elicited cells were harvested by lavage after 72 h. Cells were plated, and nonadherent cells were removed by washing after 1 h to enrich for perito-neal macrophages. Adherent cells were incubated for 3 h in DMEM supplemented with 10% fetal calf serum, penicillin, and streptomycin before experiments.
Human peripheral mononucleocytes. Human peripheral mononucleocytes were isolated from blood drawn from two normal subjects under sterile conditions using leucosep (Greiner Bio one) as per the manufacturer's protocol.
Cells were plated in 24-well polystyrene dishes. Nonadherent cells were removed by washing after 1 h to enrich for human peripheral mononucleocytes. Adherent cells were then incubated for 3 h in DMEM supplemented with 10% fetal calf serum, penicillin, and streptomycin before experiments.
Mouse kupffer cells. Liver were harvested from C57BL/6N mice. Livers were digested using collagenase perfusion of liver in vivo and OptiPrep gradient (D1556; Sigma). Cells were plated, and nonadherent cells were removed by washing after 1 h to enrich for Kupffer cells. Adherent cells were incubated for 3 h in DMEM supplemented with 10% fetal calf serum, penicillin, and streptomycin before experiments, and purity was confirmed to be Ͼ90% by flow cytometry for F4/80.
Aspartate assay. Supernatant was collected from peritoneal macrophages stimulated with LPS in vitro and assessed for aspartate by a fluorometric kit (Abcam). Serum was also collected from animals 60 min after intraperitoneal administration of aspartate and assessed for aspartate levels as above.
Quantitative polymerase chain reaction assessment of transcript levels. RNA was isolated from cells and tissues using an RNeasy Mini Kit from Qiagen and cDNA reverse transcribed using a Multiscribe Reverse Transcriptase from Applied Biosystems. qPCR was used to quantify transcripts using Taqman primer-probes (Applied Biosystems) to quantify expression of Pro-IL1␤, NOD-like receptor family, pyrin domain containing 3 (Nlrp3), Pro-caspase-1, Pro-Il18, Il10, Nr2a, Arrb2, and Gapdh. Real-time PCR reactions were performed in a LightCycler 480 PCR machine from Applied Biosystems. Expression of target genes was normalized relative to Gapdh. Gapdh transcript levels in cDNA were not significantly affected by LPS stimulation in vitro or by LPS/GalN, APAP, or LPS/caerulein treatment in vivo.
Immunoprecipitation. RAW 264.7 cells were treated with or without aspartate for 1 h. RIPA Buffer (10ϫ; Cell Signaling) was used for cell lysis. NR2A was immune precipitated using anti-NR2A antibody (catalog no. 07632; Millipore) and protein A/G plus agarose immunoprecipitation reagent (sc-2003; Santa Cruz). Western blots were immune stained with anti-␤-arrestin-2 antibody (C16D9; Cell Signaling) and anti-NR2A antibody (catalog no. 07632; Millipore). Quantization of immunostained Western blot was done by using PC Image Software and an Analyst Imager from FOTODyne. Serum goat IgG was used as a negative control, and whole cell lysate was used as positive control.
Western blots. Western blots were immunostained with anti-phospho-IKK␣␤ antibody (CS-176/180; Cell Signaling), anti-IKK␤ (L5-70; Cell Signaling), anti-caspase-1 p 10 (Santa Cruz Biotechnology) antibody, and anti-␤-actin antibody (Santa Cruz Biotechnology). Quantization of immune-stained Western blot was done by using PC Image Software and an Analyst Imager from FOTODyne.
IL-1␤ ELISA. Peritoneal macrophages were treated with LPS and ATP as above, and supernatant was collected. Serum was assessed for IL-1␤ using a commercially available mouse IL-1␤ ELISA reagent from R&D Systems. Supernatant levels of IL-1␤ are expressed as picograms per milliliter.
In vitro siRNA treatment. RAW 264.7 cells were plated in 24-well dishes and treated with Silencer select small-interfering RNA (siRNA) targeting NR2a, Arrb2, or scramble siRNA (Invitrogen) complexed with Lipofectamine from Invitrogen according to the manufacturer's instructions. siRNA treatment was repeated 24 h later, and the cells were used in experiments 24 h after the second treatment.
In vivo siRNA treatment. Silencer select siRNA targeting Arrb2 or scramble siRNA (Invitrogen) were complexed with Invivofectamine according to the manufacturer's instructions and dialyzed with sterile Dulbecco's phosphate-buffered saline using Float-A-Lyzer G2 dialyzers from Spectrum Labs. Mice were administered siRNA at 7 g/g body wt by intraperitoneal injection at doses 24 h apart. Forty eight hours after the last injection, mice were administered LPS and D-galactosamine as detailed below.
Experimental immune hepatitis models. C56BL/6N 6-to 8-wk male mice were administered LPS at 5-7.5 g/g and D-galactosamine at 300 -400 g/g body wt by intraperitoneal injection in sterile Dulbecco's phosphate-buffered saline in a volume of 10 l/g. Mice were killed at 5 h postadministration for analysis. Fifteen minutes after administration of either, mice were given an intraperitoneal injection of Dulbecco's phosphate-buffered saline, 5 mM HEPES, pH 7.40, or 300 mM aspartate, 5 mM HEPES, pH 7.40, at 30 l/g body wt. Mice were killed at 5 h postadministration of LPS with liver and serum then harvested for analysis. Livers were sectioned and stained using eosin and hematoxylin stains, and hemorrhage was scored based on the percentage of hemorrhage on at least seven different ϫ10 views.
Alanine aminotransferase assay. Serum alanine aminotransferase (ALT) was measured by the standard assays.
Experimental pancreatitis with LPS/caerulein hyperstimulation. C56BL/6N young adult male mice were administered caerulein sulfate at 100 pg/g body wt by intraperitoneal injection for six hourly injections. A single LPS (10 mg/kg) injection was given with the first dose of caerulein. Concurrent with the first and third dose of caerulein, mice were given intraperitoneal injections of sterile saline, 2.5 mM HEPES, pH 7.40, or 300 mM aspartate, 2.5mM HEPES, pH 7.40, at 30 l/g body wt. Mice were killed 1 h after the last injection of caerulein.
Statistical analysis. To test for significance, a two-tailed t-test was used. P Ͻ 0.05 was considered a significant difference. If not stated otherwise, data were taken from three to five individual experiments and expressed as means Ϯ SE. The analysis of the qPCR data was performed by normalizing to one control sample that did not receive a stimulus. All data are shown in relation to this normalized untreated population.
Aspartic acid. L-and D-aspartate were bought from Sigma with the reagent grade Ͼ98% thin-layer chromatography.
RESULTS

Aspartate downregulates inflammasome components and IL-1␤ in mouse macrophages and KC and in human monocytes.
All experiments were performed with L-aspartate unless specifically stated otherwise. LPS stimulation of mouse peritoneal macrophages results in the rapid production of aspartate within 1 h, which has reduced by 24 h (Fig. 1A) . Aspartate reduces transcript levels of Pro-Il-1␤ with an increasing dose response over the range of concentrations from 1 to 50 mM (Fig. 1B) . In vitro aspartate supplementation (15 mM) of mouse peritoneal macrophages, KC, and human monocytes downregulates transcripts of inflammasome components (Pro-Il-1␤, Nlrp3, Pro-caspase-1) and reduces production of active IL-1␤. D-Aspartate is the isomer of the L-form that is almost exclusively present in mammals, and D-aspartate (15 mM) also significantly downregulates LPS-induced production of IL-1␤ (Fig. 1, C-N) .
Aspartate supplementation reduces hepatic inflammasome levels and protects from acute inflammatory liver injury. Aspartate supplementation in wild-type mice by a single intraperitoneal injection of 300 mM aspartate results in detectable increases in serum aspartate 60 min after the injection (Fig. 2A) . Aspartate supplementation (single ip injection of 300 mM) 15 min after initiation of LPS/D-galactosamine injury results in the significant reduction in Pro-Il-1␤, Nlrp3, and Pro-caspase-1 and reduces serum levels of IL-1␤ at 5 h after LPS (Fig. 2,  B-E) . This is associated with a reduction in liver hemorrhage and serum ALT and an improvement in survival (Fig. 2, F-I) .
Aspartate supplementation reduces pancreas inflammasome levels and protects from caerulein-induced pancreatitis. To confirm these results and to test the breadth of their applicability, the ability of aspartate to reduce inflammasome activity was tested in a second model of pancreas injury. As can be seen from Fig. 3 , A-H, aspartate supplementation at 15 mM, equivalent to 9.6 M/g body wt, by intraperitoneal injection with the first and third dose of six hourly intraperitoneal injections of caerulein sulfate at 100 pg/g body wt significantly decreased serum amylase and pancreatic Pro-IL-1␤, Nlrp3, and Pro-caspase-1 induction and improved histology.
Aspartate-mediated suppression of TLR4 signaling requires the plasma membrane receptor NMDA and ␤-arrestin 2. Aspartate is known to be a ligand for the NMDA receptor, which is widely expressed in the central nervous system, with limited expression in other tissues. The NMDA receptor was found to be strongly expressed in Kupffer cells and stellate cells with minimal expression in hepatocytes (Fig. 4, A and B) . NMDA specific but not control siRNA successfully induced reduction in NMDA message in RAW 264.7 cells and inhibited the ability of aspartate to downregulate Pro-Il-1␤ and Nlrp3 (Fig. 4, C-F) .
To identify alternative pathways downstream from NMDA, we tested if the scaffolding protein ␤-arrestin-2 was required for the inhibition of Pro-Il1␤ using Arrb2 specific siRNA in the RAW 264.7 cell line. The specific siRNA induced a reduction in Arrb2 message (Fig. 4G) . This resulted in inhibi- tion of the ability of aspartate to downregulate Pro-Il1␤ and Nlrp3, demonstrating a requirement for Arrb2 (Fig. 4, H and I) . LPS-induced upregulation of Pro-Il1␤ and Nlrp3 is known to require NF-␤ activation, and Arrb2 is required for endogenous suppression of NF-k␤ activation in other systems. By using phospho-Ikk␤␣ we established that aspartate decreases NF-␤ activity phosphorylation of phospho-Ikk␤␣ (Fig. 4J) . Finally, to demonstrate a direct binding interaction between NR2A and ␤-arrestin-2, we immunoprecipitated NR2A from the RAW 264.7 cell line and demonstrated that ␤-arrestin-2 is increased by aspartate and is associated NR2A (Fig. 4K) . Collectively, these data show that aspartate-induced downregulation of TLR-induced signal 1 is via a NMDA-␤-arrestin-2 and resulted in downregulation of the well-known downstream NF-␤ pathway. ␤-Arrestin-2-induced immune regulation is providing a significant degree of downregulation of the inflammatory response, and supplementation with aspartate can further increase this protective effect. ␤-Arrestin-2 is strongly expressed in Kupffer and stellate cells (Fig. 5A) . To test the in vivo role of ␤-arrestin-2, ␤-arrestin-2 expression was reduced using Invivofectamine and siRNA. Five hours after initiation of fulminant hepatitis by LPS and D-galactosamine, whole liver expression of Pro-Il1␤, Nlrp3, and Pro-caspase-1, liver hemorrhage, and serum transaminase were significantly greater in the ␤-arrestin-2 knockdown group (Fig. 5, B-I ). In addition, aspartate was unable to downregulate Pro-Il1␤, Nlrp3, and Pro-caspase-1 and was unable to reduce liver hemorrhage and to downregulate serum transaminase (Fig. 5, B-I) . The ␤-arrestin-2 knockdown group also showed increased mortality in the presence of LPS and D-galactosamine (Fig. 5J) .
DISCUSSION
In the setting of an acute infection or insult, the inflammatory response is activated in minutes and provides protection during the few days that it takes adaptive immunity to develop. In many diseases states, there is chronic inflammation, and these include significant liver diseases such as alcoholic hepatitis, nonalcoholic steatohepatitis, and fibrosis. It is now clear that acute and chronic inflammatory responses can add to the total tissue injury that occurs, making it important to identify how it is regulated. Complex interactions are occurring between inflammation and metabolism, and their importance is increasingly appreciated with the identification of mechanistic pathways (10, 27, 29) . One aspect of this interrelationship is the change in metabolism that occurs with the initiation of inflammation. In macrophages, activation by TLR ligands results in a large shift of the flux through metabolic pathways, with a reduction in oxidative phosphorylation, and many times increases in glycolysis (20) . This results in a rapid increase in the rate of production of ATP and the precursors required for synthesis of various molecules. The complementary aspect of this relationship is the effect of metabolites on the regulation of inflammatory responses, and a large number of metabolites have been identified as ligands for orphan G protein-coupled receptors (31) . The cytosolic complex consisting of the sensor NLRP3, the adaptor ASC, and caspase-1 (NLRP3 inflammasome) is central to the development of inflammation and is required for experimental drug-induced liver injury, alcoholic and nonalcoholic hepatitis, and liver fibrosis. Because of the increase in aspartate in acute inflammation, we investigated the ability of aspartate, via the NMDA receptor, to regulate inflammasome activity (6) . In the set of in vitro experiments using primary mouse peritoneal macrophages and Kupffer cells as well as human peripheral blood monocytes, we demonstrate that aspartate can reduce the expression level of inflammasome components and production of IL-1␤ (Fig. 1) . In vivo this translates to reduced inflammation and injury in two models of liver injury and one model of pancreatitis and is due to a NMDA, ␤-arrestin-2, NF-␤ pathway. In addition to providing protection by supplementing with aspartate, knockdown of this pathway results in increased liver injury.
The structure and function of the NMDA receptor in the central nervous system has been well characterized (32) . The four subunits of the NMDA receptor assemble to form a ligand-gated ion channel containing an agonist recognition site, a transmembrane ion permeation pathway, and gating elements. NMDA activation-induced dendrite spine remodeling in neurons is dependent on the scaffolding protein ␤-arrestin-2 (24). This was of interest because ␤-arrestin-2 is known to modulate LPS-induced inflammatory responses, but its role in inflammasome activation is not known (5, 22, 25, 33) . Our results clearly show that aspartate-dependent downregulation of inflammasome function in vitro and in vivo is dependent on ␤-arrestin-2.
The demonstration of the ability of NMDA receptor activation to downregulate inflammasome activation has broad implications for liver pathology. In acute inflammatory liver injury, for example, there is a significant increase in glutamate and aspartate (6) . The importance of this is evidenced by increased liver injury upon loss of the NMDA signaling pathway and the hepatoprotection provided with aspartate supplementation. Furthermore, ethanol has been proposed to be a noncompetitive antagonist of the NMDA receptor in neurons (9, 18) . If the same effect is present in Kupffer cells, it will result in loss of NMDA-induced downregulation of inflammasome activity and may provide another mechanism of the hepatic immune dysregulation induced by ethanol. Not surpris- ingly, serum levels of the NMDA ligands glutamine and aspartate are elevated by the administration of total parenteral nutrition (TPN) to patients (4) . In addition, use of TPN enriched with glutamine has been shown to be associated with reduced inflammation in inflammatory bowel disease (21) . Of great interest is the further possibility that the general immunosuppression seen with TPN may be due to activation of this pathway. The NMDA receptor is unusual, since it is activated by Land D-isomers of amino acids, and we have confirmed that the D-isomer of aspartate can downregulate inflammasome activity (Fig. 1F) (15, 26) . This may be irrelevant for most organs, since D-isomers of amino acids are very rare in vertebrates. Bacteria, however, make large amounts of D-amino acids (3). In particular, the cell wall of bacteria is rich in D-glutamate, with the stem peptides of bacterial peptidoglycan being rich in D-amino acids. This is thought to be of functional benefit to bacteria, since it provides resistance to mammalian proteases (17) . In addition, bacteria can release D-isomers of amino acids (12) . Recently, the ability of the intestinal microbiome to regulate liver inflammation was established and was due in part on the ability of bacterial components in the portal blood (7) . A similar effect of gut microbiome on adiposity has been demonstrated via the G protein-coupled receptor Gpr41 (28) . This established that bacterial components can enter the portal circulation and regulate liver inflammation. The demonstration that L-and D-isomers of amino acids can induce inflammasome suppression provides another potential mechanism by which the intestinal microbiome can regulate liver inflammation.
